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Our collcept crf the relationship between the outer limits 

of the gemagnetic field and the interplanetary medium has rapidly 

developed oyer the past f e w  years due to critical experhental 

and theoretical examinations ot these regions. The fluu of so lar  

plasma arouud the earth profcrUnaly affects the phencnnena of the 

d i s tant  mgnetosphere; these phencmena l a  turn may be intimately 

related to processes occurring near the earth's surface via the  

geomagnetic lfnes of face .  

expanding kncwledge of the phencaena in the vicinity of the 

interaction between the solar wind and the distant geamgnetic 

f i e ld  ere reyiexed. 

The highlights of our rapidly 

I 
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With the recent advent of satellites and space probes marked 

proigrees has occurred With respect t o  our knowledge, both experi- 

mental and thearetical, concerning the interaction of the earth's 

magnetic f ie ld  end the solar wind. This iateractim is believed 

t o  be closely associated with a variety of geophysical phenctnena 

such as aurorae, magnetic stmns, and ionospheric disturbances 

and F e m O ,  193101933; Aka~ofu and chapanaa, 196l; 

Vest-, 1963; mord and -8, l-.  he experimen~ results 

gathered over the past few years gives t o  us a gross model of em 

interplanetary plamna streaming rad%- and irregularly outward 

f'ran the sun L-ker, 1958; Neugebarrer and Snyder, lw, 
ccmpresshg the earth's magnetic field on the saanwaxd side and 

extending it a the night side Lbpman and Ferraro, 1931-33; 

Johuson, 1960; Beard, lw. Evidence L&mnan, lw 
exists that indicates a shock EeUqg, lw is formed 
a t  the sunward boundary of the magnetosphere due t o  the 

supersonic f lcrw of' the plasma past the earth's distor ted 

-tosphere. Marked spatial asymmetries of charged p&Sde 

distributions within and near the magnetospheric bamdary 

J&auk, van men,  sad magno, lw in  the g e v e t i c  

equatorial plane with respect t o  the earth-sun line have been 

observed and may be intimately agsociated with the flaw of solar 
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plasma in the vicinity of the earth. The experimental studies 

of the geanagnetic field in these d is tan t  regions of the 

magnetosphere have revealed large departures f'ran an unperturbed 

dipolar f ield &hill and Amazeen, 1963; Heppner, &ss, Scearce, 

and S k i l ,  1963; Coleman, Sonett, Judge, and Smith, lgw. 

Although the present discussion emphasizes phencanena a t  large 

distances in the geomagnetic equatorial plane, the intimate 

relationship with low altitude, high latitude geophysical 

phenanena via the ge-tic lines of force is  of crucial 

importance in the interpretation of experimental results obtained 

In the vicinity of' the magnetospheric boundary. 

(xlr purpose in the present discussion will be directed 

toward summariziag our present knowledge concerning the immediate 

region of t h i s  interactioa in the vlcinity of the boundary of the 

earth's magnetosphere. Our intention is not t o  present a 

historical review or t o  pruvide a ccmprehensive biblicgmphy 

(adequate references are pravided in the literature cited herein); 

but we shall r e v i e w  the highlights of the experimental and 

theoretical results as a nore or less integrated body of information. 
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The azimuthal asymnetry of the charged particle dlstributiools 

a& of the character of the magnetic fields in the geanagnetic 

equatorial plane with respect to the earth-sua line beyond 

apprcximately 7 
t ion of experimental results. It I s  w o r t h w h i l e  t o  review the 

is of resounding importance t o  the interpreta- 

locations with respect t o  the earth-sun line of those earth 

satel l i tes  and space probes which have donated heavily t o  our body 

of experimental information in these regions. In Figure 1 are 

displayed the prodectlms of the trajectories of several of these 

probes onto the geanagnetic equatorial plane. 

seen that Pioneers I11 and I V  and Ewplorers X I 1  and XIV s c d  

the dawn side of the magnetosphere while Iunik 11 and 

Ekplorers V I ,  X, and XIV have surveyed the nightside. Indeed, it 

shauld be apparent that Ekplorer X I V  due t o  its lang lifetime 

(2 October 1962 t o  present, Jt;lly 1963) and apogee of a l i t t l e  

more than 100,OOO km has surveyed such a large portion of the 

geanagnetic equatorial plane that it may effectively be used as an 

Important integrating factor in interpretation of the data of the 

m i n i n g  experiments. Ihe local times a t  100,OOO km frrr Iwik 1 

(2 Jaauary lBg) ,  Pioneer V (11 March t o  26 ,Time 1960), and 

Pioneer I (11-12 OctobeF 1958) &t shown in Figure were 

It is inapeaiately 
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approximately 0800, 1500, and XMO, respectively LMth, lw. 

O f  the probes and satellites shown I n  Flgum 1, all but 

Explorer X were within approorlmately 10" of the equatorial 

plane for the portians of t he  trajectories of interest here. 

The *magnetic latitude of the Ekplarer X twectary was 

appraximate~ 45 * 
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III. SURVGYS OF' KW PAKmCLES IN TBE 
VICIRITY OF TEE MAGHET(xsPHE3UC BOUNDARY 

Explorers X and XI1 and funik II have obtained sane of the 

m o r e  important measurements of low e n e r a  particles near the 

f'ringes of the magnetosphere. These results are depicted 

grapt'cally in Figure 2 

geun8gnetlc latitude of Bcplnrer X was approximately 45"; the 

EQlorer X data Eiclge,  Mlworth, Lazarus, won, Rossi, and 

Scherb, lw given in Figure 2have been extrapolated into the 

geamsgnttic equatorial plane by the assuPnptiaa of cylindrical 

syxnet ry  a b u t  the earth-sun axis in order t o  obtain the 

As was mentimed previously, the 
4 

approximate shape of the magnetosphere 04 the evening side of the 

earth-sun line. The intermittent observation of a plasma and of 

simultaneous changes in the chaacter of the magnetic field 

beyond 22 

by the experbenters &netti, Bridge, Iazarus, Rossi, and 

Scherb, 1963; Heppner, Ness, Scearce, and Skillman, l g w  as the 

on the night side of the earth has been interpreted 

result of the boundary of the magnetospheric t a i l  sweeping 

intermittently across the trajectory of the Explorer X probe. 

Bridge and his collaborators report the measurement of a 

plasma consisting of protons of approximately TOO eV in energy 

and fluxes of the order of' 10 7 9  -10 (a2 sec)-l j u s t  outside the 
6 2  t a i l  of' the megnetosphere and an upper l i m i t  of 5 x 10 (cm set).' 

when the instrunentation was within the t a i l .  The measurements 
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of Bridge e t  al. are in quantitative agreement with the 

planetary measurements w i t h  the  Venus probe Mariner If 

mugebawr and Snyder, 1w. Grlngauz, K b r t ,  Maroz, and 

~hklovskii /iq have mea- an intense flux of l a w  energy 

electrons in the radial distance range of 6l,klO t o  81,400 km with 

plasma cups on Iwik 11 at a sun-earth-pzxite angle (sm, far 

brevity) of approximately 125' t o  the wrt Ef. fieeman, Van Allen, 

aad C a h i l l ,  19a of the earth-sun line. These electrons were 

characterized by an average energy of 200 e V  or greater and a flux of 
approximately 1~ 0 2  (cm sec)". mi8 mearmrement apparently 

remained unique mong the  variaus l aw  energy charged-particle 

measurements u n t i l   ree em an &- reported a large flux of low 

LsEp 2 120" t o  the vest of the earth-sun energy electrans a t  

line w i t h  CdS to ta l  energy detectors (one w i t h  and one without 

a deflecting; collimator magnet) on Ekplorer XII. These 
8 Escplorer XI1 measurements indicated a flux of - 10 t o  

10 

elect- were assumed. With plasma cups on Mars I (launch, 

1 bvember 1962; local time a t  15,000 km, - 2100; geana&netic 

lati tude a t  15,000 km, 

- 

9 2  (an sec)" if electrons of en average enerw of 10 keV per 

50") mingauz and his collaborators 

again measured an electron flux of approximately the same 

magnitude and energy as w i t h  Iunik I1 but mer a radial distance 

range of 8,500 km t o  17,000 km, closer t o  the earth presumably 

due t o  the higher geomagnetic latitude of the  traJectory. From 



. 
8 

the ~UPIII&PY of the Lunik If and B ~ l a r e r  XI1 results in prsUre 2, 

it is evident that large fluxes of low energy electrons exist 

on the night side of the earth and that further experiments with 

lav energy electron (and protoa?) detectors are needed i n  order t o  

canplete this survey. 

On the sunward side of the magnetosphere Just beyond the 

magnetospheric boundary as delineated by the limit of durable 

trapping in the gecmgnetic field of energetic electrons 

(E - > 40 keV) and by the coincident observation of the discontinuity 

(temlnatian) in the gecanagnetic f i e l d  beyond abcut 10 REI a per- 

sistent layer of electrons of  energy flux - 30 ergs (cm sterad set).' 
and of approximately 15,000 km in radial depth has been measured 

Eeeman, l g q .  These fluxes were observed unt i l  the apogee uf' 

Ekplorer XI1 had dr i f ted  to the dawn s ide  of the earth where the 

apogee distance of' 84,000 Icm was no longer sufficient t o  penetrate 

the magnetospheric boundery (see Pigure 2). The possible relation- 

ship of these electron fluxes with regard t o  the present theury 

of shock6 and transition regions is discussed la te r .  The 

characteristics of the solar wind In interplanetary space distant 

from the influence of the earth's magnetosphere have recently 

been measured w i t h  the Venus probe Mariner XI Bugebauer and 

Snyder, 1w. !l!ypical values recorded were (protons only were 

measured) : 

2 

v -  
0 -  
n -  
T -  

I 

- 
500-800 km/sec (bulk velocity) 
2.5 (cm)03 
2-8 x 105 OK 
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and a n u c t u a t w  

Davis, Smith, and Scynett, l q  

interplanetary magnetic f ie ld &leaany 

These data are indicative of a supersdc plasma flow past the 

earth since the Alftr& Mach number 

A rough estimate of - 2 (cm)03 for the number density of 

electrons may be obtained by assuming that the ianized solar  

plasma is macroscopically neutral; the experimental difficulties 
1 2 of m e a s u r i r g  electrons af energy - p m v e o  

whelming. 

equipastitloo of energy between protons and electram I s  invoked.) 

( - 1 ev) are over- 

(Thc thenaal energy of the electrons I s  - 100 e V  if 
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Electroas of energy p a t e r  than 250 k e V  which characterize 

the  outer radiation zone are apparently nut found in the! vicinity 

of the magnetosph@r%c baundary. Indeed, it bas been &am 
I 

recently that fluxes of electruns of energy less  than 250 keV 

d-te these regions L-, Van Allen, and Macagno, lm. 
The fact that sane of the aigh energy detectors (for exemgle the 

heavllpshielded Geiger-Mueller tubes on Planeers 111 and IV) 

have recarded significant responses i n  t h i s  region is now 

attributed to the inefficient intermediate process of bremsstrahlq 

I 

production in the walls of the Instruments by large fluxes of' low 

energy electrons Ef. ~raak, van U n ,  m l p l e y ,  ar~d craven, 

lw. ~n apparent experimentally anamolc~ls result existed in 

the determination of the radial extent of the ge-tically 

trapped radiation as determined by similar heavily shielded 

Ceiger-meUer tubes (Antoar 302's) on Pimeers IXI and IV 

can Allen and Frank, 1959 a, and Bcplorer V I  &oldy, 

HaFArma, and Winckler, 1960; Hof3ban,  Arnoldy, and Wlnckler, 

1- which returned t o  galactic backgraund rates (and hence 

implied the l i m i t  of geuna&netlc trappiag) at radial distances 

of apprawimately &,000, gO,m, and 45,000 km, respectively. 

Although these data w e r e  acquired during periods of differing 

geamgnetic activity, the large variation in radial extent of 

.. 
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significant response Over galactic background rates may be 

attributed ia large part t o  t h e i r  different tragectory directians 

wlth respect to the earth-sun l ine,  Camparison of these data 

with the recent r e d t s  UP ntplorers xII and XIV in m s  3, 4J 

and 5 confirms the hportance of t h i s  azimuthal asymnetzy of low 

energy electrons i n  interpret- particle flux measuremsnts beyond 

7 %. In Figure 3 ere shown the 302 counting rate contaurs as a 

funrtim of radial distance for  Pioneer I11 and Explorer XI1 for 

similar trajectories w i t h  respect to geamagnetic l a t i t ude  and 

local time (see also Figure 1); i n  Figure 4 are displayed the 

contours for Pioneer I V  end Explorer XIV again w i t h  similar 

trajectories w i t h  respect t o  geomagnetic latitude and local time; 

and in Fi- 5 are displayed the caa~espondirrg data for 

Explorers VI and XIV. ~wik I (Mechta) charged particle 

measurements Eernov, c h ~ d a k ~ ,  V ~ U ~ W ,  Ingachv, and WCO-V, 

1- yielded a resul t  similar t o  that of Figure 4. The agreement 

among the various experimental results is thus quite remarkable 

when viewed with reference t o  a local time coordinate system. 

The higher count rates of I?ioneer I V  as canpared t o  those of 

EKplorer X I V  in Figure 4 may be attributed t o  large solar and 

geanagnetic activity preceding the Pioneer IV flight &I m e n  

and Frank, 1959 y. By inspectim this body of resu l t s  Indicates 

a relative dearth of electrons ( E  2 50 keV) on the nlght side 

of the earth with respect t o  similar radial distances toward the 

sunward side of the msgnetosphem. 



The results of a ccmprehensive study LM, Van Allen, and 

Macagno, 1- of' the spatial  distribution of electrons of 

energy E 2 40 keV a the dawn side af' the earth-sun l ine to 

geocentric radial distances of lO5,OOO km in the ge-etic 

equatorial plane w i t h  thin-windowed (1.2 mg/m2 mica) G.M, tubes 

on Ekplorers XII. and XIV are summarized in Figure 6. Salient 

characteristics of this survey of' &directional electron f l u e s  

are: 

(1) 

(2) 

A general lack of electrons beyond 8 
side of the earth. 
A large ''flaring" of the  electron fluxes (typ3.caU.y 
10 t o  10 (an2 sec)") a t  dawn and extending beyoad the 

satellite apogee of lO5,OOO Ism, 
A sharp bcundary or termination of these electrm fluxes 
oa the simward side of' the earth a t  approximately 

on the night 

5 6 

(3)  

10 €$. 

It should be remarked here that d u r a  rragnetically disturbed 

perials the "sverage" contours presented in Figme 6 are 

apparertly greatly distorted and that  the  even- contours have 

been extended frm the dawn side by the arssumption of symmetry 

about the earth-sun l ine.  This synanetrj w i l l  be discussed -her 

in more detai l  i n  Section M. Protons of energy greater than 

130 k e V  have been measured with a scintj.llatian detector on 

mlorer XII E v i s  and williamsan, 196ZJ 

b V i 8 ,  1 9 q  in these regions; no azimuthal studies of the proton 

on m l o r e r  XIV 

inkensit:tes a t  large radial distances have been reported. 



The Mars I space probe data cakuluv, Veraav, Garchakov, Icgachev, 

A o  Chasakhcbyan, To charakhc hyan, and chudakm, 1- Shw thst 

the geocentric radial termination of the flux of 70-80 keV electmns 

as measured on the night side of the earth ( -. 2100 local time) 

and 8t a ge-tic latitude of - 50" waa a t  15,000 km; it is 

of significant interest t o  canpare t h i s  high lati tude measurement 

with the tenninatian of electron fluxes c ~ 1  the night side of the 

earth RS shown I n  Mgure 6. Just outside the  magnetospheric 

boundary the Explorer XIV upper limits for the electron 

(Ee * 40 keV) snd proton (I$ - 500 keV) fluxes are 

5 x lo2 (cm sec1.l LM, van Allen, melpley, and craven, 

1m. Measurements on Mariner I1 with 8 similar G.M* detector 

rleld can Allen and Frank, 1- an upper l i m i t  of 

5 x 101/(cm2 aec)" for the sum of protca and electrm fluxes uf 

the above energy ranges. These measurements imply that the large 

fluxes of energetic electrons found w i t h i n  the magnetosphere 

(see Figure 6) are not contributed directly by an efflux f r a m  

the sun without subsequent acceleratian In  the vicinity of the 

magnetosphere 

> > 

2 

' 
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V. UlW ALTJYUDE HIGH s m s  

The intimate association of l a w  altitude high latitude 

phencmena with processes !occurring a t  large radial distances in 

the gemagnetic equatorial plane via g e m t i c  lines af force 

certainly cannot be neglected. Discussion of r e l a t e d  upper- 

atmospheric pbyeical phenanena and surface magnetic f i e l d  measure- 

ments is not within the realm o f t h e  text given here, but 

interesting surveys are given in AX~OZYI  and Hines Gw anti 

Vestine &9a, for example. There has been me notable and 

interesting preliminary s m y  E*Brien, 1- of the high 

latitude distribution of trapped electrons (E 2 4 0  keV) w i t h  

an Bcplorer XIV- type  G.M. tube flown on Wun I in a nearly 

circular arbi t  of 1,000 km altitude w i t h  an inclination of 67O. 

This survey of trapped electrons revealed the large d i u r n a l  

effect  (shown in Figure 7) in the l i m i t  of the observation of 

trapped electrons 8s a fUnctian of invariant latitude 

h ( A = cos" ( L)- lI2) .  

systern, see ~ ~ 1 1 w a i n  Egg.) 
(For definition of the B-L coordinate 

B e  termination of trapped particle 

fluxes at. local day was at L - 16 and a t  local night was at  

L - 8 as displayed by the carresponding limits of the loci  of 

points indicated in Figure 7 by the solid and braken lines, 

respectively. 

t o r i a l  plane surveys of charged particle distributions 

The ab- law altitude measurements and the equa- 



(Figures 2 and 6) were used to construct the meridianal section 

of the magnetosphere which is displayed in Mgure 8. 

the latitude distributions of trapped and dumped electrons at 

evening and dawn are also of apparent Interest. Important 

information obviously may be inferred about the dynamics luzd 

energy requirements of the outer magnetospheric system by these 

law altitude measurements. 

Studies UP 

1 
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VI. (3Ro6scEIARAcTERoFMA~cMELDGMEARTEE 
MAGNETWP5UCB(XltJIIAKY 

r 

The dynamical behavior of charged particles In the vicinity 

of the magnetospheric baundary is closely interlocked with the 

properties of the magnetic fields in these regions. The gross 

character of these magnetic f i e l d s  Ef. Smith, 1963; Sonett, 

1963; Heppner, Ness, Stearce, and s l d m ,  1963; mill and 
Amazeen, 1 9 q  has been sumeyed in part by Ekplorers X, XII, and 

XIV. Figure 9 displays charged particle and magnetic f i e l d  

measurements as Explorer X I 1  passes inward through the 

magnetospheric baundary a t  local nom on 13 September lg611 

&eman, van =en, and will, l g a ;  there were iadicatians 

of solar  activity a few days previous t o  and a sudden commencement 

a t  1556 U.T. on 13 September. The experimenters have Interpreted 

these measurements as follows : 

(1) The discontinuity in directian, magnitude and general 
character of the magnetic f i e l d  a t  52,000 Inn determines 
the radial extent of the earth's magnetosphere, 
!be obeerved limit of durable trapping of 40 keV electrons 
( S p t S p B  of Figure 9) corresponds closely t o  the dis- 

continuity i n  the -tic f ield.  

The magnetic field Just inside the boundary has been 
ccorrpressed by 8 thermalized plasma of electrons 
(50 ergs (cm ster set).') approximately 20,000 
thick located just  outside of the boundary; the magnetic 
field just  inside the boundary is approximately a factor 
of' 2 larger than the value ccmputed frm Finch and baton  

(2) 

(3)  

2 



coefficients and i e  highly d i e d e r e d  autside the 

A betatron acceleration may have produced an enhance- 
ment of charged particle energy within the magnetosphere 
near the magnetospheric boundary. 

mese general &cteristics of the ~ullward magnetospheric 

batodwo 

(4) 

boundary are typical, although &en scpnewhat attenuated since 

there were notleeably disturbed conditions at the boundary in the 

above cited case, of the Bcplorer X I 1  meaeurements in  these 

m?gianS Ef. Cahi l l  and Amazeen, l g w .  The results of the 

magnetic field measurements with Planeers I @net t ,  Smith, and 

S h e ,  lgw end V &olenan, Sonett, Judge, and Smith, 1- 

which also crossed the s w a r d  side of the magnetospheric boundary 

were s imi lar  In character t o  those of Explorer XII. A graphical 

survey of these results L W e t t i ,  Bridge, Lazarus, Rossi, and 

Scherb, 1 9 q  is given in F'igure 10. The disordered magnetic 

fields of several % in radial depth measured by each of these 

probes and satel l i tes  have been interpreted by variaus experinenters 

as characteristic of a transition region between a shock wave and 

the magnetospheric boundary. Tbe generation crf hydranagnetic 

waves in this region and the propagation of these waves within 

the magnetosphere have been considered Ef. Dessler, 1958, 1%; 

Dessler and Parker, 1959; Coleman and a t t ,  196.l; MacDonald, 

1961; Sonett, lq. Recent Explorer XIV magnetic field data 

@hill, 1- t o  radial distances of appraximately 100,OOO lan 
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on the dawn side of the earth near the geanagnetic equatorial 

plane (also note Figure 6 a t  a similar spatial position) reveal 

no such discontinuity in the megnetic f i e l d  as was observed cm 

the sunward s ide  of the earth. Coneideratiaa of these megaetic 

f i e l d  measurements is mandatory in any interpretation of the 

asymmetric electron distributions of Figure 6 (for example, 

whether or not these electrosls are trapped within the geanagnetic 

field). 

and Skillmen, l g w  at distances beyond 22 

side of earth have been interpreted by the experimenters as 

implying a magnetic f i e l d  directed radially toward the night side 

and away fran the sun w i t h i n  the magnetospheric tail aad a die- 

ordered magnetic field external t o  the t a i l .  

hae been used t o  construct the rough appraximatim of the shape 

of the magnetospheric boundary cn the eve- side of the earth-sun 

line in the g e m t i c  equatoriaJ1 plane shown in Figure 2, 

relative position of Grhgauz' and freeman's l o w  energy fluxes 

with respect t o  the interpolated magnetospheric boundary of 

Figure 2 wcnild imply that these electron fluxes are a t  least  

temporarily trapped within the geomagnetic f i e l d ,  but a c r i t i ca l  

j u d m n t  rests upon knowledge of the detailed character of the 

magnetic field in these regims. Hence the results of the large 

spatial eurvey of the geanagnetic field by Cahill's apparatus on 

Explorer XIV are anxiausly awaited. 

Explorer X magnetmeter data Bppner,  Ness, Scearce, 

toward the night 

m s  interpretation 

The 



The possibility that electric fields may play em important 

role in the dynamics of charged pt.rticle motion i n  the vicinity 

of the earth's magnetosphere has been stressed by various authors 

Ef. Chapman m d  F e m o ,  1931-33; Mod and Hines, 19g. 

Indeed such an effect may accant  far the marked departure f'rcnn 

rotational symmetry of the flux contours of electroas 

(E 2 40 keV) a t  local dawn as s h m  i n  Figure 6. The motion 

of charged particles i n  an ishan~eneaus magnetic f i e l d  and under 

the influence of' external forces has been studied previausly 

Erne&, 1950; Spitzer, 19q. 

adiabatic invariant /y = W l / B  is conserved, Figure 11 

schematically depicts the cDrresponding d r i f t  m o t i o n  for positive 

Ions and electrons in an lahomogeneous magnetic f i e l d  and an 

For motion in which the first 

external electric field.  

driFts have provided several authors Ef . Kellogg, 1959; 

Parker, 1960; Herlofsan, 1 9 g  w i t h  a basic mechanism for 

populating the magnetosphere Kith charged particles by radial 

These d r i f t s  or ccsnbinations of these 

diffbsian f'ram a source; an example of such a source m i g h t  be 

found in the vicinity of the magnetospheric boundary. Our 

specific realm of interest lies with the Chapman-Ferraro B937 

and Axford-Bines &g models of the magnetosphere. With 

regard t o  the Chapan-Ferrmo model, Vestine gm has called 
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attention t o  the fact that the polar la t ian charge on the dawn and 

evening sides cd' the magnetospheric bouadary induced by the now 

of solar plasma through the magnetic f i e ld  in the vicinity of the 

boundary results in an electric field (see Figure 12) across the 

cavity which is  in a dlrectioa which w i l l  tend t o  drive positive 

ians and electrons alang the boundary toward the earth. Axford 

and Hlnes have developed a model of the magnetosphere 

In which there is  a convective interchange of gemagnetic tubes 

of force driven by corotatim of the earth's magnetic field and/or 

a viscous interaction with the solar wind. The lines of constant 

potential of electric polarization for these two physical 
\ 

situations are displayed in Figure 13; the geophysical situation 

may actually be a linear canbination of the two effects. An 

electron of say 50 keV mxlld then experience a farce associated 

w i t h  i ts gradient d r i f t ,  which is 

the polarizatiaol electric fields, eE . In the Axford-Hines 

p V B ,  and that due to 
.A 

model of the magnetosphere if polarization fields predominate, 

the electrons and protons w i l l  stream essentially in the direction 

of t& convectioa of the magnetic tubes of force (see Figure 13). 

Shce the gradient drift is energy dependent and the electric 

d r i f t  is energy independent, the approximately azimuthal 

symmetry in the geanagnetic equatorial plane of the distributions 

of electrons of' energy E 2 230 keV b a n k  and Van Allen, 

UnpUblishe88 and the diverse distribution of electrons of energy 

! 
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< 
c E - 100 keV may be Important paremeters in determining the 

magnitude of polarization electric fields if B an8 

SixnultaneOUsly measured and other d r i f t s  may be neglected. A 

similar study of the spatial distribution of protons would  also 

be of si(plif1caace since the direction of the gradient aad 

electric drif%8 @re charge-dependent and -independent, 

respectively. 

0 B have been 

- '  . 

An Interesting set of' quantitative calculations 

of the d r i f t  paths and energy changes a l q  these Paths far 

energetic electrons and protons m o v i n g  i n  a model magnetosphere 

under the Influence of gradient d r i f t  in an image dipole f i e ld  

and polarization electric field8 induced by a diuraal corotatian 

of the geamagnetic f i e l d  has been calculated by Hones a9W. 
As an example, Hones finds that an energetic electron of 

50 keV drift ing in the geomagnetic equatorial plane a t  7.2 

a t  local noon will d r i f t  t o  6.2 % at local midnight.  The 

spatial and energy distrlbutiomof charged particles within and 

near the magnetospheric boundarymay become important 

instrumenbin understanding the dynamics of the earth's 

magnetosphere. 
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V a r i a u s  canputations of the shape of the hallow carved 

aut of the solar plasma f l a w  by the earth’s magnetic f i e l d  have 

been performed Bard, 1960, l9&; Spreiter and Brlggs, 1962 8, b; 

Spreiter and Jones, lw. 
of the results of three of these ccsqputations. Beard’s &- 
result was based upon an interaction between the solar wlnd and 

In Figure 14 are graphical displays 

the earth’s magnetic f i e ld  within a thin current sheath a t  the 

magnetospheric boundary; the shape of the boundary was 

determined by equating the pressure due t o  the solar wind on 

the  sunwaxd side of the hollow with the energy density of the 

dimagnetically enhanced geanagpetic field just  inside the 

cavity. Tbe results for a zero temperature and f in i te  

temperature plasma are sham in Figure 14. 

Briggs a, have perfarmed a similar camputation 

(see Figure 14) and more recently, Sprelter and Jonee &la 

have recalculated the form of the cavity utilizing the experi- 

Spreiter and 

mental measurements of the solar wind with Mariner I1 

E e b a u e r  and Snyder, l g q .  The general shape of these 

cavities in the geamegnetic equatorial plane are consistent 

with the known experimental results (see Figures 2 and 6) but 

Heppner and his colleagues pq and mtti e t  a. E m  
have questioned sane of the detailed structure of the Interface 
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on experimental grounds. 

magnetosphere a t  a geanagnetic latitude of -. 50" by Mars I, no 

direct experimental evidence coazcernw the form of the hollow in  

the merldianal planes at  high latitudes is available at present. 

Except fo r  the single traversal of the 

~el lcgg &&J (see also ~ x f o r d  &&!J and Davis, riist, 

and Schlher &95y ) has considered the supersonic flow of a 

collisionless solar plasma past the magnetosphere which a c t s  as 

an obstacle t o  the flaw and results in a shock wave 00 the sunward 

side of the ge-etic hollow since any pressure wave of the 

f'requency range expected, - vo / D (D 56 the dimension of the 

?bubble"), can be shown t o  propagate a t  velocities less than the 

bulk velocity vo of the solar plaama. The applicability t o  a 

collisionless plasma of the ordinary gas shock relationships 

which are used t o  canstruct the shocks of Figure 15 is not 

completely known but apparently can be partially justified if the 

plasma is permeated by a weak -tic f ield Ef. Sprelter and 

Jones, 1963; Obayashi, l g q .  Mare recent computations by 

Spreiter and Jones using an &n Mach number MA in the 

range of the observed interplanetary experimental values are 

Shawn in  Figure 14. Recently Freeman has reported a 

persistent layer of l a w  energy electrons (tens of ergs 

(cm sterad sec)") located just  outside the sunward 

magnetospheric boundary near the geomagnetic plane with CdS 

t o t a l  energy detectors an EKplorer XI1 (see Figures 2 and 16). 

2 
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%his layer has a radial dimension 

agreement w i t h  the aforementioned 

of appraximateW\2 or 3 in 

theoretical results and may 

represent more direct experimental evidence 09 a shock on the 

sunward side of the magnetosphere. If the solar wind and the 

sunwan3 side of the earth's magaetosphere are i n  a state of dynamic 

quasi-stationary equilibrium, it I s  reasaable t o  expect that a 

radial motion of the sunward bcnandary would be impressed by the 

action of the fluctuating salar w i n d .  Along these lines of 

thought, meeman 

magnetospheric boundary, 8elineated by the r a d i a l  termlnatim of 

fluxes of electrons of energy - 40 kev, as a function of thmz 

with instrumentatica on Explorer XI1 (see Figure 17). 

a definite correlation w i t h  Dm a8 shown in Figure 17 the 

experimenter interprets these data as s i g n i f y i n g  a ccpnpressiaa 

af the magnetosphere during the initial phase of a magnetic 

storm, 8 closer-than-averege position maintained during the 

has studied the position of the 

Along with 

I 
main phase end an outward motion of' the boundary during the 

recovery phase. 

boundary is approximately 2 or 3 about an average position of 

10 RE. It is of interest t o  also note that the standard surface 

parameter for solar plaama activity, K has been shown 

experimentally t o  have a positive correlation with the velocity 

of the solar  wind @qder and Mgebauer, 1- and the variabil i ty 

of the energy fluxes observed by Brplarer X I 1  Just outside the sun- 

w a r d  s ide  of the magnetospheric boundary Eeeman, lm. 

The fluctuation in tDe radial position of the 

PY 
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It was noted earlier in aur discussion that a preliminary 

survey @a, van Allen, and ~ c a g n o ,  l g m  ot energetic dectrms 

(40  keV < E 4 230 keV) p t h  Ekplorer XIV on the dawn side of the 

earth at large radial distances ( 

equatorial plane revealed a large asymmetry In the spatial d l s t r i -  

- -  
7 %) in the geunagnctlc 

butiaas of electroxis within the  magnetosphere. lhese distributions 

are closely related t o  the shape of the magnetospheric boundary, 

the nature of the magnetic fields in the vicinity of these charged 

particles, and the dynamical processes occurring w i t h i n  the 

magnetosphere. A study of' the spatial and temporal behavior of 

these particle fluxes on the eveniq s i d e  of the earth-sun line is 

thus of significant importance. Investigations of this nature are 

nov possible by means of data recently acquired w i t h  Bcplorer XIV 

In them regions. This study has not advanced t o  the stage where 

it is possible t o  cans t ru t  the cantaurs of' caasta.nt cannidirectlonal 

intensity of electrons on the evening side of the earth-sun line 

as has been dane previously on t h e  dawn side in Figure 6; but 

several interesting unpublished samples of EScplorer XIV data  are 

presented in Fi@rei3 20 through 22. Salient features of these 

slices through the earth's magnetosphere are briefly discussed 

here . (!be graphs are presented In chronological order; apogee 
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progresses A.am the dam, t;hrough tbe night, and into the evening 

side aP the magnetosphere.) Figure 18 shows the C r o S s i n g  of the 

-tospheric b d a r y  at ?O,OOO km at  - 800 local time an 

6-7 October 1962; pigure 19 displays measurements in  the dawn 

flange where sigaificant electron fluxes atend be- the 

satel l i te ' s  apogee radial range of 105,000 km; Figure 20 is 

exemplary of measurements In the ai&t side uf the m t o s p h e r e  

where a dearth of' energetic electrons ex l s t ebeyd  approximately 

45,000 laa; Flgure 21 displays the counting rates of the same 

detector a t  local eve- and demonstrates that significant fluxes 

of' electrons extended beyond apugee In a similar fashim as at 

local dawn for this part icular pass; pigure 22 presents a l a t e  pass 

when the satellite's apqee has p ~ q r e a s e d  sufficiently taward 

the e m - s u n  directlan t o  allow the instnrmeataflm to pass through 

an apparent magnetospheric boundary on the evening side of the 

eaz-thmm line at  80,OOO km. A detalled analysis of the ccmposite 

mlorer XIV data will be of significant importance toward the 

understarrtling of v t o s p h e r l c  bamdary phenanena. 

I 



The w i g h t s  af OUT present experimental and theoretical 

knowledge of the magnetospheric boundary have been rwiwed. 

A slgnlficant lack of eqerlmental knowledge concerning the 

distribution of charged particles and the nature of the magnetic 

fields in  the distant magnetosphere exists particularly ccincerning 

those regions at high geaaegaetic latitudes and i n  the night side 

"tail" of the magnetosphere at  geocentric radial  distances exceed- 

ing 17 % (cf. Figure 2 ) .  Progress has been made in many areas of 

study of the magnetospheric boundary. The general shape of the 

magnetosphere traced in the gemagnetic equatorial plane as predicted 

by the models of Beard &g and Spreiter and his  collabaratars 

E962 a, b; 19m are i n  substaatlal, although not canplete, 

agreement with the obsenratians of Ekplorers X, X I I ,  and XIV, 

a true symmetry about the earth-eun l ine of the  dawn and evening 

boundaries i n  the geamclgnetic equatorial plene is yet t o  be 

shown. There now exists both theoretical and experimental support 

for the existence of' a shock wave in front of the sunward side of 

the earth's magnetosphere as a result of a supersonic solar plasma 

flow past the earth's magnetosphere, 

marked azimuthal asymmetries of' the distributions of charged 

particles of' a few tens Os kilovolts of energy in the geo- 

magnetic equatorial plane af the distant mqpetosphere suggest 

Ale0 

Recent observations of the 
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that d r i f t  motions other than gradient drifts are effective in 

these regions and may be attributed t o  polarization electric 

fields, Such a study of the spatial distributions and temparal 

behavior of these charged particles may thus lead Indirectly t o  a 

c r i t i ca l  examination of various magnetospheric models such as 

those of chapman and Ferraro @3lgl93g and Axford and Elnes 

E-. The lnterlockiq dependence of simultaneous charged 

particle and magnetic field measurements is easily seen t o  be 

v i t a l  thraughaut the interpretations reviewed in this survey. 

Tbe subdect of neutral points and possible charged particle 

InJectim mechanisms via the magnetospheric boundary have been 

neglected due t o  the lack of d i sc r imina t ing  experinental 

informatian. It has been suggested that acceleration of charged 

particles exists in the vicinity of the d i s t a n t  magaetosphere 

and that the subsequent downflux of these particles r n l q  geo- 

magnetic l ines of force is responsible for v a r l m s  ionospheric 

phe~cpnena such as aurorae. Utilizatim of recent experimeatal 

results c a n c e r n ~  the average energy dumped into the  atmosphere 

in the fm of corpuscular energy and the average energy 

available t o  the magnetosphere f’ran the solar w i n d  enables us 

t o  estimate the gross efficiency of a magnetospheric acceleration 

mechanism in the  following manner. The average energy down- 

flux of electrons of energy 2 1 keV into the auroral regions 

has been inferred frm measurements with the law-altitude satellite 
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~njun I as approximately 1 erg (a2 set).' E’wien ,  I=; 

via integration Over the surface area of the earth where this 

dumping is significant ( - 55” to  - 75” geansgeetic latitude), 

the average total  power Output t o  the earth’e atmosphere becames 

approximately 10’’ ergs (set).'. me average parer input availale 

t o  the magnetosphere can be obtained fran the Mariner I1 meam- 

meats Lmebauer and Snyder, lw of the ave- solar wind 

energy flux, - 3 x loo1 erge (cm sec)”, and by assuming the 

gross dimeneians of the  magnetosphere are that of a disk 15 €$ 

in diameter; the to ta l  power input becanes VI (15 n)2 (0.3) - 5 x lo1’ ergs bet).'. The efficiency of t h i s  “black box’’ 

magnetosphere for producing the dumped corpuecular radiatian 

f’ran the energy available f’rm the  solar wind is hence of the 

order of 18)s x 1019 - 296, a high, but apparently acceptable 

efficiency. Thus an acceleration mechanism for producing the 

corpuscular radiatfoa observed t o  be dumped into the earth’s 

atmosphere and located in the distant magnetosphere cannot be 

excluded CQ an energetic basis. 

2 

The Close passage (41,000 bm) of Mariner 11 psst the planet 

Vems has been the only opportunity t o  observe the magnetosphere 

of another planet in situ- none of the Mariner I1 detectors 

(electrostatic analyzer, qetaneters ,  G.M. tubes) indicated 

the presence of a Venusian magnetosphere Lmth, Davis, Coleman, 

and sonett, 1963;  rank, van men, and BUS, I-. 

- -J 



Definite progress hae been accanplished since the advent 

of space probes and earth satell ites taward the understanding of 

the processes occurring In the vicinity of the magnetospheric 

boundary, a region whicb is intimately associated with the sun 

via the solar wind and which I n  turn may have a profound influence 

upon the physics of the upper atmosphere; the next few y e a r s  of 

experimental aad theoretical study of these phenanena &ow great 

prcanise in being fruitful ones. 
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Figure 

Mgure 

Mgupe 

Figure 

Figure 

1. 
and satell i tks w i t h  respect t o  the earth-sun line and pro- 
jected onto the geamegnetic equatorial plane: 
6-7 December 1958; pioneer fv, 3 WC& 1959; rlvrik 11, 
12 September 199; Explarer X, 25-28 March 196l; Explorer VI, 
August-October 1959; Ekplorer MI, August-December 1961; 
W l o r e r  XIV, October 1962 t o  present ( J W y  1963). 
2. Graphical suppnary of principal measureroents of l o w  
energy charged particles in the geomagnetic equatorial 
plane beyond - 7 €$. 
3. Canparison of the responses of the similar, heavily 

shielded G.M. tubes on Pioneer I11 and Bcplorer X I 1  for 
similar trajectories with respect to  the earth-sun line 
(see l eged  a t  upper left). 
4. 
shielded C.M. tubes on Pioneer IV and Explorer XIV for 
similar trejectoriea with respect t o  the earth-sun line. 
The consistently higher response of the Pioneer IV 
detector may be due t o  89 enhancement of energetic 
electrma (E - 50 keV) following granuunced geamgnetic 
and solar activity. 
5 .  Canperison of the  respses  of similar, heavily 
shielded G.M. tubes on Explorers V I  and X I V  fur similar 
trajectories with respect t o  the earth-sun l ine .  Canpare  
the distance of onset of negligible response of - 45,000 km 
with those of Ele;ures 3 end 4. 

Gmphical gummary of the traJectories of several probes 

Pioneer 111, 

Canpar i son  of the responses of similar, heavily 

Figure 6. 
(E 2 40 keV) in the geanegnetic equatarial plane With 
Explorers XI1 and XIV on the dawn s ide  of the earth-sun 
line (see text). 

Grrtphicd. su~l~p~ly of rneasumments of energetic e l e c t m s  
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Figure 7. Iatitude profiles of the intensity of' trapped electrons 
obtained in tea passes with local time between 1200 aad 1600 
haurs (local day) and in eleven passes w i t h  local time 

between 1900 and 2300 hours (local night) soon after launch 
when the s a t a i t e  was splnnlng rapidly L* O'Brien, 

1-e 

t o  the limit af observed trapped-particle intensity as a 

function af increasing L indicated by the l ines  enveloping 
a1 data  points in each graph. 

ments of' charged particles and plausible d i s t a r t i o n s  of 
the geanagnetic f i e l d  i n  the meridianal plane containing 
the earth-sun line. 
have also been included. 

Iyote the v t i r i f l t i ~  of these two graphs with respect 

Figure 8 e  Il lustrative drawiag surmnariziw experimental m e a s u r e -  

(Mars I energetic electran measurements 
See text .) 

Mgure 9 e  Particle and magnetic f i e l d  measurements w i t h  

Ekplorer X I I  for the inbound pass on September 13, 1961. 
 he ~ S B  (magnet in aperture) detector cant-rate  has 
been normalized t o  the energy scale of the CdSTE (no 
magnet in aperture) detector, The counting rates of 
both CdS detectors are nearly linear w i t h  energy flux. 
Both spectrometer channels (SpL and S p H )  have been 
corrected for background counts by the subtraction of the 

counting rate of the background detector SpB. The CdS 

optical monitor (not sham) indicated that during thAs 
pass the CdS detectors did nat have any bright objects 
within t h e i r  f ield of' view. F denotes the scalar magnetic 
field strength; 01 the angle between the F-vector and the 

spin-axis of the satel l i te ;  and the d ihedra l  angle 

between the plane containing the F-vector and the spin 
exis and the plane containing the spin axis and the 
satellite-sun line mer weeman, Van Allen, and cahill, 

I-, The experimenters found the measurements consistent 
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Wit& an electron flux of 3 x 10" (a2 sec)" and with 

an energy of 2.6 kev per electran. 

Pimeer V, and Rcplarer XI1 showing the boundary of the 

geanegnetic cavity and the location of the bow wave (mer 

Bonetti, Bridge, I~ZBIUS, Rossi, and Scherb 
Local times for these probes are given in the text. 

f i e l d  d r i f t  n?o.tions of positive ions and electrons. 

the polarization charge dis t r ibu t ion  formed by the 
interacticn of the geomagnetic field with the  solar wind. 

Figure 10. Pictorial suuunary af ecmblned results of Pioneer I, 

). 

Figure ll. Illustrative diagram of gradient d r i f t  and electric 

Mgure 12. &er Cnapman and Fe--0, 1937 The hollow and 

Figure 13. An equatorial section of the magnetosphere viewed 
f'rm above the North Role, shoviag streamlines for the 
case i n  which the magnetoqhere is corotating w i t h  the 

earth; 
electric polarization that is induced by the 
rotation (top figure) @er Axf0p.d and Hines, lw. 

(ar aJ,,terna%ely of the equipotentials of the electric 
f i e l d )  resulting frm the motion impressed on the 
magnetosphere by a viscous-1Ske interaction with the solar 
w i n d  (buttam figure) @er Word and Hines, lw. 
of the hollow produced by the interacticn of the solar  

wind with the gemagnetic l i e l d .  

the earth f o r  various supersonic flaw speeds mer 
Kellugg, 19g. The experimental Mach number I s  

-, 7 (see text). 

The streomlines are a lso equipotentials of 

The proposed pattern af streamllaes in the equatorial plane 

Figure 14. Several results of canputations concerning the fann 

Figure 15, Structure of the flat of interplanetary plasma around 



Figure 16. Explorer SKI obsenratiuns (22 September 1%) of e 
regia ot large electron flux (50 ergs (cm 2 sterad sec)O1 

a t  maximum) observed over a geocentric radial rcqe of 
55,000 t o  67,500 lan lylng just beyond the roegnetospheric 
botabdsry Identified by the termination of - 50 keV 
electron fluxes (SPL) L$xr ~reenmn, x-. 

Figure 17. The time history of the radial position of the 
magnetospheric boundary as determined by the radial 

termination of counts above backpound in the SpL 
detector (Ekplorer X I I ) .  Also shown is the DsT (H) 
value fran the San Juan and Honolulu magnetogr;ems 
LZ&e.r meman, l g q .  

of the 213 A detector (E - electrons 2 44) keV) on 
Ekplorer XIV. The graphs are given in chronological 
cmler (end hence fran local dawn t o  local weniag). 

Conversion factor: Jo (E 2 40 keV) - - 5 x l$ R ( a 2  sec)". 
In this figure Explorer XIV crossed the magnetospheric 
boundary a t  72,000 lan on the dawn s ide  of' the  earth-sun 
line. A t  60,OOO Inn, the local time was - 0830 rafter 

Flgure 19. Measurements with the Explorer XIV 213 A electron 

Figure 18. The first of a series at radial plots of the response 

Frank, van Allen, and Macagno, 1 9 q .  

detector near the dawn flange. A t  60,OOO la, the 

local time was - 0400 rafter Frank, Van Allen, end 
Macegao, lm. 

is a dearth of electrons. Note the sudden decrease of 
electron intensities a t  - 40,000 km. 
60,oOO km was 

Figure 20. Measurements on the night s i d e  of' earth where there 

b a l  time at 
2200 &nk and Van  Allen, unpublish&T. 

Flgure 21. An interesting pass through the magnetosphere near 
local evening. Note that large, sporadic electron intensities 
persist at  least  t o  UO,OOO h. 
was - lg00 L M  and Van Allen, unpubli-7. 

bcd time a t  60,OOO km 
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Figure 22. Anather 213 A catour’, but nuw with Explorer XIV neamr 
to the earth-sun line, in whlch an apparent traversal of 
the evening megnetospherlc boundary has occurred. Imal 
time at 60,000 km was - 1700 & ~ Z S  and van m e n ,  
unpubli -7. 
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